ABSTRACT Salivary secretions play critical roles in aphidÐ host plant interactions and are responsible for damage associated with aphid feeding. The objectives of this study were to evaluate aspects of salivation and the salivary constituents of Diuraphis noxia (Hemiptera: Aphididae). Salivary proteins were isolated and compared from three aphid probed diets: pure water, 15% sucrose, or amino acids (100 mM serine, 100 mM methionine, 100 mM aspartic acid, and 15% sucrose). After 6 h, more aphids settled on sucrose diet compared with other diets, but there were no signiÞcant differences in the number of stylet sheaths produced per aphid after 24 h. There were differences in the amount of soluble salivary protein (watery saliva), with the greatest amount secreted in sucrose diet, followed by amino acid diet and pure water, respectively. Protein constituents secreted into sucrose and amino acid diets were compared using gel electrophoresis using standardized amounts of protein. More protein bands and bands of greater intensity were visualized from probed sucrose diet compared with probed amino acid diet, indicating qualitative differences. Phosphatase was putatively identiÞed from D. noxia saliva from a major protein band using gel electrophoresis and mass spectrophotometry. Alkaline phosphatase activity was conÞrmed in sucrose diet using enzymatic assays but was not detected in aphid probed water or amino acid diets. Other peptides in sucrose diet weakly but signiÞcantly showed similarities to putative dehydrogenase and RNA helicase expressed sequence tags identiÞed from other aphids. The implications of these Þndings in aphid salivation and plantÐinsect interactions are discussed.
Aphids (Hemiptera: Aphididae) ingest phloem sap through stylet mouthparts that penetrate intercellular plant tissues and tap the phloem sieve-tube. Feeding by many aphids causes toxicoses in host plants including necrosis, hypersensitive response, hyperplasia, and formation of pseudogalls or complex galls, and it is generally agreed that this damage is caused by aphid saliva secreted while the aphid feeds (Miles 1999) . As aphids probe and establish feeding sites, they secrete two types of saliva: the salivary sheath (gel) and soluble (watery) saliva (Miles 1959) . Sheath saliva hardens on secretion to become an insoluble lining of the stylet path. A role of the stylet sheath is thought to be the suppression of plant defense responses (Miles 1999) . Sheaths contain reducing agents and oxidases that can react with soluble plant products and 1,4-glucosidases that hydrolyze phenolic glycosides (Urbanska et al. 1998a, b) . Soluble saliva contains numerous enzymes that likely have roles in establishing and maintaining feeding sites, suppressing plant defenses, and/or inducing changes in plant physiology that beneÞt aphid feeding and nutrition (Miles 1999 ). Soluble saliva is thought to be composed of pectinases, cellulases, amylases, oxidases, phenolic glycosides, glucose dehydrogenase, and enzymes that hydrolyze sucrose (Ma et al. 1990 , Miles 1999 , Harmel et al. 2008 . A recent study on the vetch aphid, Megoura viciae Buckton, showed that soluble saliva also contains enzymes that interact with free calcium in the phloem, which acts as a plant signaling compound that triggers sieve tube occlusion response ). These molecular interactions prevent sieve tube plugging, thus providing aphids with a continuous ßow of phloem sap. In another study, RNAi knockdown of an unidentiÞed salivary protein prevents the pea aphid, Acyrthosiphon pisum Harris, from contacting and penetrating the phloem-sieve tube, suggesting a role in stylet penetration of plant tissues (Mutti et al. 2008) . Although aphid saliva has received increased interest recently, very little is know about aphid salivary components and the role of aphid saliva in hostÐ plant interactions. Further elucidation could improve the use of host plant resistance against agriculturally important aphids.
The Russian wheat aphid (Diuraphis noxia Kurdjumov, Hemiptera: Aphididae) is a severe global pest of small grains including wheat (Triticum aestivum L., Poaceae) and barley (Hordeum vulgare L., Poaceae) (Halbert and Stoetzel 1998) . Feeding by D. noxia elicits leaf chlorosis characterized by white or yellow streaking and leaf rolling (Hewitt et al. 1984) . D. noxia feeding also causes ultrastructural and tissue-level damage that affects phloem composition (Telang et al. 1999; Saheed et al. 2007a, b) and can alter carbohydrate partitioning patterns and sourceÐsink relationships within the plant (Burd et al. 1996) , thus creating a nutritionally enhanced phloem diet. Most studies to date evaluated the composition of saliva from aphids on dicotyledonous plants (Peng and Miles 1988 , Miles and Peng 1989 , Miles and Harrewijn 1991 , Miles and Oertli 1993 , Harmel et al. 2008 , Mutti et al. 2008 . Consequently, very little is known about grain aphid saliva (but see Baumann and Baumann 1995, Cherqui and Tjallingii 2000) and nothing is known about the composition of D. noxia saliva. Major goals of our current study were to (1) develop a system to collect D. noxia saliva in mass quantities needed for electrophoresis and mass spectrophotometry characterization, (2) characterize aspects of D. noxia salivation on artiÞcial diets, and (3) conduct an initial investigation of the protein constituents of D. noxia saliva.
Materials and Methods
Aphid and Plant Material. Diuraphis noxia USA biotype 1 was raised on a combination of two wheat cultivars: Yuma (Dn4Ϫ) and Yumar (Dn4ϩ). Cultivars carrying the Dn4 gene are resistant to certain D. noxia biotypes, including the biotype used in this study. Both cultivars were used to monitor potential contamination from biotypes virulent to Dn4-mediated resistance. Wheat cultivars were grown under greenhouse conditions in 10.2-cm white pots Þlled with absorbent clay (Absorb-n-Dry; Balones Mineral, Flatonia, TX) and sand (Ϫ20 Sand; Mohawk Materials, Sand Springs, OK). Plants were protected from pests by clear plastic cylinder cages with cloth windows. Aphids were mass-reared on 1-to 2-wk-old wheat plants in growth chambers with a L 16: D 8 regimen at 20ЊC and collected from heavily infested plants by gentle shaking and beating. Aphid numbers were estimated based on weight (linear regression, R 2 ϭ 0.998 for mixed aged D. noxia colonies; 1 aphid weighs Ϸ0.6 g).
Saliva Collection and Concentration. Aphid saliva collection plates (Fig. 1) were prepared under sterile conditions by stretching paraÞlm to Ϸ75% of the original size over the bottom of sterile 100 by 15-mm standard petri dishes (actual diameter is 90 mm top, 87 mm bottom) with beveled stacking ridges on their base (cat. 08-757-13; Fisher, Pittsburgh, PA). Turning the petri dish upside down shows the beveled stacking ridge, which creates a shallow dish that holds 4 ml diet (details below), which was evenly spread under the paraÞlm. Preparation of the collection plates and diets were performed under a sterile laminar ßow hood, and materials were sterilized by UV radiation. Aphids (Ϸ450 per collection plate unless otherwise stated) were placed on the paraÞlm surface and covered with the petri dish lid. Two 0.75-mm-thick plastic rings cut to Þt the ID of the lids (90 mm OD, 86 mm ID) were used to provide minimal vertical space for the aphids. Collection plates prepared without aphids were used as a control to detect contamination. The saliva collection plates were placed between sheets of yellow paper in growth chambers (L 16: D 8, 20ЊC) . After 24 h of feeding and saliva excretion, the aphids were removed using gentle brushing, and the feeding surfaces were brießy rinsed with sterile water. Diet was collected under sterile conditions under a vertical laminar ßow hood (Labconco, Kansas City, MO) by making a small incision in the paraÞlm at a break in the beveled stacking ridge and pouring the probed diet into a sterile vessel. Sterile rinse water (2 ml) was pipetted into the incision site (pulled under the paraÞlm by capillary action), swirled for 10 s, and pooled with probed diet. Stylet sheaths were observed to remain Þrmly attached to the paraÞlm after rinsing. Approximately 80 Ð90% of the probed diet and rinse water volume was collected. Fig. 1 . The beveled stacking ridge on the bottom side of sterile disposable petri dishes creates a shallow dish for aphid diet, which is covered with stretched paraÞlm. Minimal space was provided for aphids using plastic ring spacers between the paraÞlm feeding surface and the petri dish lid.
For proteomic analyses, diets were pooled from 25 plates (11,000 Ð11,500 total aphids) and concentrated using centrifuge concentrators with a 3,000 molecular weight (MW) cut-off (VivaSpin 20 and VivaSpin 2; Satorius Group, Goettingen, Germany) to 80 l for one-dimensional sodium dodecyl sulfate polyacrylamide gel electrophoresis (ID-SDS-PAGE) and 40 l for 2D SDS-PAGE. Protein concentrations were determined using a Bradford protein assay (Pierce ScientiÞc, Rockford, IL). The Ͻ3,000 MW fraction from centrifugal concentration was concentrated using Strata-X 33-m polymeric reversed phase solid phase extraction column (Phenomenex, Torrance, CA) using the manufacturers protocol for peptide concentration (Phenomenex technique SPE, application note CN-010).
Salivary Comparisons on Different Diets. Aphid settling behavior was compared on diets consisting of sterile water, 15% sucrose (pH ϭ 7.2), and an amino acid diet consisting of 100 mM serine, 100 mM methionine, 100 mM aspartic acid, and 15% sucrose (pH ϭ 5.5). Ten third-or fourth-instar aphids were placed on collection plates (N ϭ 8 per diet). After 6 h, the number of aphids feeding or probing were counted. After 24 h of feeding, the number of stylet sheaths produced were counted under a ϫ200 scope ( Fig. 2A and B). In a separate study, soluble saliva was collected from collection plates consisting of water (N ϭ 2), 15% sucrose diet (N ϭ 5), or amino acid diet (N ϭ 3) after 24 h of feeding. A single replication consisted of concentrated diet pooled from 25 collection plates containing Ϸ450 aphids/plate, and 25 plates without aphids were used as controls. Salivary constituents from each diet (0.13 g protein from water diet and 0.25 g protein from sucrose and amino acid diets) were compared using SDS-PAGE. Diet comparisons (stylet sheaths per aphid and soluble salivary protein [ng] per aphid) and number of aphids settled after 6 h were square-root transformed to standardize the variance and analyzed by analysis of variance followed by post hoc TukeyÕs honestly signiÞcant difference (HSD) mean separations using SAS 9.01 (SAS Institute, Cary, NC).
Whole Aphid Protein Extraction. To monitor contamination from nonsalivary aphid proteins, crude proteins extracted from whole aphids were compared with salivary proteins. Two adult aphids were crushed in 100 l sample buffer consisting of 0.25 M Tris-HCl, pH 6.8, 20% glyercol, 5% SDS, and 0.4 M dithiothreitol, followed by centrifugation to separate solid materials. Equal amounts of whole aphid homogenate and protein collected from diet were compared using SDS-PAGE. Whole aphid homogenate versus probed diet SDS-PAGE comparisons were repeated three times.
Assessment of Microbial Contamination. Agarose media (4%) prepared with 15% sucrose was evenly poured (8 ml) into 100 by 15-mm sterile petri dishes (N ϭ 20). Each agar plate was inoculated with diet from a single collection plate (N ϭ 10 aphid probed, N ϭ 10 control) using a sterilized inoculation loop. All procedures were performed under a sterile ßow hood to prevent contamination. The agar dishes were placed upside down between yellow sheets of paper in the growth chamber and checked daily for fungal and/or bacterial growth attributed to aphid probing behavior or collection methods.
SDS-PAGE and Mass Spectrophotometry (MS) Analyses. 1D-SDS-PAGE was performed using 4 Ð15% or 10% Tris-HCl precast gels (Bio-Rad, Hercules, CA) in a MiniProtean Electrophoresis Unit (Bio-Rad) at 110 V and 30 mA for 1 h. Sample buffer consisting of 0.25 M Tris-HCl, pH 6.8, 20% glycerol, 5% SDS, and 0.4 M dithiothreitol was added to each sample, which was heated at 95ЊC for 5 min before SDS-PAGE. 2D SDS-PAGE of probed sucrose diet was performed using a Bio-Rad Protean IEF Cell with a 7 cm 3Ð10 linear GE Immobiline Drystrip (GE Lifesciences, Pittsburgh, PA). Strips were rehydrated with 120 l urea/thiourea rehydration buffer with 2% Triton X-100, 80 mM dithiothreitol, and 40 l concentrated probed diet for 18 h. The isoelectric focusing conditions were 200 V for 200 V h, 500 V for 500 V h, 1,000 V for 100 V h, and 8,000 V for 60,000 V h. The second dimension was carried out on a 4 Ð15% precast gel with an immobilized pH gradient (IPG) comb (Bio-Rad) at 15 mA for 15 min followed by 30 mA for 1 h. Gels were stained with silver stain or Coomassie Blue (for MS analysis). Reagents for 2D SDS-PAGE and gel staining were obtained from GE Lifesciences. The Ͻ3,000 MW samples were analyzed using a matrix assisted laser desorption ionization-time of ßight (MALDI-TOF) mass spectrometer (2000 Applied Biosystems DE-Pro; Applied Biosystems, Foster City, CA). Solutions were mixed (1:1 vol:vol) with saturated solution of recrystallized ␣-cyano-4-hydroxycinnamic acid matrix dissolved in 0.1% trißuoro-acetic acid/50% acetonitrile and spotted on a MALDI plate. A close external calibration was applied to all samples using Calibration Mixture 1 (Applied Biosystems).
The most intense band visualized with Coomassie blue stain on 1D SDS-PAGE of sucrose diet was excised, consolidated from two lanes, and trypsin digested (Fig. 3B, band 1) . Protein samples were further concentrated using Zip Tip C 18 (Millipore, Billerica, MA) and analyzed using ESI-Orbitrap-MS. Peptides were dispersed in 0.5% trißuoroacetic acid (1/15 dilution) and separated on a Eskigent nanoLC (Eskigent Technologies, Dublin, CA) equipped with a New Objective (Woburn, MA) picofrit nanobore column with a 75-m ID, 15-m tip packed with 5 m ProteoPrep II C18 beads with 300 angstrom pores, and Eskigent nanoLC-AS1 autosampler. Solvent A consisted of 0.1% formic acid in water and solvent B was 0.1% formic acid in 40% acetonitrile (Mallinckrodt Baker, Phillipsburg, NJ), with an elution proÞle of 3 min of 5% B, 40-min gradient of 5Ð 40% B, 5 min of 40% B, 5 min of 98% B, and 7 min of 5% B (total run time ϭ 60 min). Injection volume was 10 l, and high-performance liquid chromatography (HPLC) ßow rate was 300 nl/min. Peptide masses and peptide fragmentation were detected with positive electrospray ionization mode. The three most abundant trypsin digestion products in each chromatograph peak were detected and fragmented using LT-Q-Orbitrap XL (Thermo ScientiÞc, Waltham, MA). Mass spectrophotometry (MALDI-MS and Orbitrap-MS) was preformed at the Oklahoma State University Recombinant DNA/Protein Resource Facility.
Bioinformatics. MS data were formatted using LCQ-DTA (Thermo ScientiÞc) and analyzed using MASCOT (www.matrixscience.com) for protein identiÞcation against the National Center for Biotechnology Information (NCBI) nonredundant protein database and a custom database consisting of expressed sequence tags (ESTs) from A. pisum (Hemiptera: Aphididae) obtained from www.aphidbase.com and A. pisum salivary gland ESTs obtained from NCBI (Mutti et al. 2008) . The peptide mass tolerance was set to 7 ppm and MS/MS tolerance was set to 0.6 d. Propionamide C, oxidation (Met), and GlnÐϾPry were set as variable modiÞcations. EST sequences with a signiÞcant MAS-COT score (Ͼ30) were submitted to the BLAST procedure (NCBI). Only BLAST results with a signiÞcant E-value (E Ͻ 10 Ϫ5 ) are reported. Alkaline Phosphatase Detection. AttoPhos AP Fluorescence Substrate System (Promega, Madison, WI) was used for alkaline phosphatase detection. Alkaline phosphatase activity was detected in samples collected from water (N ϭ 1 with 0.06 g protein), 15% sucrose (N ϭ 2 with 0.8 g protein each), and amino acid diet (N ϭ 2 with 0.5 g protein each). Samples were prepared in nonßuorescent assay plates by adding 20 l concentrated diet to 160 l phosphatase buffer and incubating for 30 min at room temperature. Fluorescence was detected using a Typhoon Trio Image Scanner (GE Lifesciences) in ßuorescence acquisition mode with a 488-nm excitation laser set at high intensity and a 580-nm emission Þlter.
Results

Diet
Comparisons. There were signiÞcant differences in the number of aphids feeding after 6 h of settling time (F 2,21 ϭ 3.96; P ϭ 0.0035; Table 1 ). SigniÞcantly more aphids were actively feeding or probing the 15% sucrose diet after 6 h compared with diets composed of pure water or amino acid. There were no signiÞcant differences in the number of sheaths per aphid formed on diet collection plates consisting of water, 15% sucrose, or amino acid diet (F 2,21 ϭ 0.42; P ϭ 0.67; Table 1 ), but there were signiÞcant differences in the amount of soluble protein (watery saliva) produced per aphid (F 2,7 ϭ 29.7; P ϭ 0.0004; Table 1 ). SigniÞcantly more total soluble protein was collected from sucrose diet compared with amino acid or water diets, and more protein was collected from amino acid diet compared with water diet (Table 1) . A single peptide band (112 kDa) was visualized from saliva collected from sucrose diet on Coomassie blueÐ stained SDS-PAGE; however, no bands were visualized from amino acid diet with the same concentration of total protein (0.28 g protein per diet, gel not shown). Silver stained SDS-PAGE from separate collections showed two distinct peptide bands and several weak bands in probed sucrose diet but only a single peptide band in the amino acid diet (0.25 g per lane; Fig. 3A) . A band corresponding to Ϸ120 kDa was visualized in both diets but was more intense from sucrose versus amino acid diet. The water diet did not produce visual peptide bands on SDS-PAGE. Stylet sheaths and soluble protein were not present in diet collected from control plates (without aphids).
Assessment of Contamination. SDS-PAGE of whole aphid homogenate and salivary protein (0.25 g each) did not show similar protein banding patterns (Fig.  3A) . There was no microbial growth on agar plates inoculated with control diet or aphid probed sucrose diet after 2 wk of incubation.
SDS-PAGE and MS Analysis. There were no peptides detected in control diets (without aphids). Additionally, no peptides were detected in the Ͻ3,000 MW fraction using our methods. 1D SDS-PAGE of probed sucrose diet (1.5 g) showed a single strongly stained band (112 kDa) and at least eight other weakly stained bands (Fig. 3B) . Silver-stained 2D SDS-PAGE of probed diet showed that band 1 (112 kDa) on the 1D gel consists of possibly Þve components ( Fig. 3B  and C) . Orbitrap analysis of band 1 (from the 1D gel) showed several signiÞcant matches in the aphid EST library (Table 2) . BLAST search of matched ESTs showed weak but signiÞcant matches to several known genes including protein phosphatase or phosphatase activator, dehydrogenase, and RNA helicase (Table  2 ). There was not enough protein present in the remaining bands for MS analysis, and there was not enough protein present for Coomassie stain of 2D SDS-PAGE.
Detection of Alkaline Phosphatase. Enzymatic assays detected alkaline phosphatase in aphid probed sucrose diets (Fig. 4) but not in water, amino acid, or control diets (Fig. 4) . This assay was performed on two separate diet collections, and phosphatase activity was detected in both independent collections.
Discussion
Relatively large amounts of pure protein saliva from D. noxia was collected using methods we developed. Concentrated diet from collection plates without aphids did not contain measurable amounts of protein, sucrose agar plates inoculated with probed diet did not produce fungal or bacterial colonies, and proteins from whole aphid homogenates separated on SDS-PAGE did not show any similarities to protein from probed diet. These control experiments provided strong evidence that proteins collected from probed diet are derived from D. noxia salivary secretions. Previous aphid saliva studies used various collection techniques involving diet sachets made from double paraÞlm layers Tjallingii 2000, Harmel et al. 2008 ), methods we found to be difÞcult and laborious, or a custom-made saliva collection device ). The use of sterile petri dishes allowed quick, simple, and repeatable saliva collection with readily attainable materials. D. noxia is a cryptic thigmotaxic species that prefers feeding within leaf rolls or at the base of new leaves. Aphid movement off the plate was restrained by providing minimal space between the feeding surface and the petri dish lid and by simulating an environment surrounded by plant material by placing the feeding plates between yellow sheets of paper. We also used this collection method successfully on a number of other aphid species (unpublished data).
At least eight protein bands were visualized using 1D SDS-PAGE. 2D SDS-PAGE showed a single intense band with a molecular weight of Ϸ120 kDa with Þve separate components, which was excised and analyzed using Orbitrap MS. The presence of protein phosphatase was suggested by Orbitrap MS analysis. Alkaline phosphatase activity in the sucrose diet was conÞrmed by a subsequent enzyme ßuorescence assay. Alkaline phosphatase activity has been discovered in saliva from whiteßy (Bemisia spp., Homopera: Aleyrodidae) but was not detected in the aphid saliva from Rhodobium porosum Sanderson or Aphis gossypii Glover (Aphididae) (Funk 2001) . Our study is the Þrst to detect this enzyme in aphid saliva. Alkaline phosphatases have also been detected in salivary glands of Lygaeus sp. (Hemiptera: Lygaeidae) (Kumar et al. 1980) and Periplanta americana L. (Blattaria: Blattidae) (Srivastava and Saxena 1967) , but it is still unknown whether alkaline phosphatase is secreted in the saliva of these insects. Alkaline phosphatases are ubiquitous enzymes, but they may have speciÞc roles that are diverse in insects. In Lepidoptera, they may be involved in absorption and transport of nutrients across the gut (Eguchi 1995) or alkalinization of the midgut lumen (Azuma et al. 1991) . In other insects, alkaline phosphatases play roles in insect development, neural and renal function, and cuticle sclerotization (Harper and Armstrong 1972 , Chang et al. 1993 , Yang et al. 2000 . Alkaline phosphatase has been detected in whiteßy tissues involved in producing hardened/sclerotized structures, including the salivary glands (which produce the stylet sheath), the colleterial glands (produces glue to attach eggs to host substrates), and the ovariole surrounding the terminal oocyte (associated with the formation and hardening of the egg chorion) (Funk 2001) . Potentially, this enzyme functions in the formation/sclerotization of the stylet sheath of whiteßies and D. noxia. Alternatively, phosphatase may play other roles in aphidÐ host interactions including detoxiÞcation of host defenses or host manipulation. Further work is needed to elucidate the role of alkaline phosphatases in Homopterous saliva. Several other D. noxia salivary peptides showed weak but signiÞcant similarities to known aphid ESTs including a putative zinc-binding dehydrogenase. NADH dehydrogenase has been identiÞed in saliva from Myzus persicae Sulzer (Hemiptera: Aphididae) (Harmel et al. 2008) , but the function of this enzyme in salivary secretions is unknown. Zinc-binding dehydrogenases are associated with alcohol detoxiÞcation. Alcohol NADP ϩ oxireductases are known plant defenseÐrelated compounds in Arabidopsis and Solanum tuberosum L. (Somssich et al. 1996 , Montesano et al. 2003 , and dehydrogenases are involved in plant signaling responses to aphid feeding in Arabidopsis (Couldridge et al. 2007) . Another enzyme putatively identiÞed in D. noxia saliva was RNA helicase. RNA helicases are highly conserved, target-speciÞc enzymes that modulate the structure of RNA. They are involved in all biological processes that involve RNA including transcription, splicing, and translation (Abdelhaleem 2005). They have not previously been detected in insect saliva, but human saliva contains a helicase-like protein (Hu et al. 2005) . A speciÞc RNAhelicase is involved in virus detection and subsequent elimination of replicating viral genomes in mammals (Yoneyama et al. 2004 ) and could potentially have a similar role in saliva. Although this study suggests the presence of dehydrogenase and RNA helicase, further studies are needed to verify their activity in aphid saliva and deduce any potential roles in aphidÐplant interactions or aphidÐvirus vector relationships.
Another objective of our study was to compare the effects of different artiÞcial diets on sheath development and salivation. Studies that have described proteins secreted by Hemipteran insects into artiÞcial diets have used a variety of diets including pure water (Miles and Harrewijn 1991, Cherqui and Tjallingii 2000) , 15% sucrose (Cherqui and Tjallingii 2000 , Funk 2001 , Harmel et al. 2008 , and amino acid diets (Cherqui and Tjallingii 2000 , Funk 2001 ). However, there are only a few reports on how diets affect salivary protein secretion Tjallingii 2000, Funk 2001 ). An improved understanding of how diet affects salivation is needed for effective interpretation of salivary data collected on artiÞcial diets. Considerably more aphids settled into feeding/ probing behavior after 6 h on sucrose diets compared with water diets or amino acid diets. There were no differences in the number of salivary sheaths formed on the paraÞlm surfaces of saliva collection plates with the different diets, suggesting equal stylet probing attempts regardless of diet contents. However, as aphids sample diet, they often form branched stylet sheaths, and there is considerable variation in the size of individual stylet sheaths (Cherqui and Tjallingii 2000; W.R.C., unpublished data) . It is possible that there are subtle differences in the amount of sheath saliva secreted into different diets that were not shown using our methods. Far less total soluble salivary protein was collected from water diet than either sucrose (92% less) or amino acid diets (63% less). There were also differences in the amount of saliva collected from sucrose and amino acid diets, with 79% more protein secreted into the sucrose diet, but the low pH of the amino acid diet could have inßuenced feeding and salivation behaviors (Auclair 1969) . Although the same amount of protein from sucrose and amino acid diets was loaded on SDS-PAGE, proteins could only be visualized from sucrose diet when stained with Coomassie blue, and more protein bands and with greater intensity were detected in sucrose diet when silver stained. These results indicate quantitative and qualitative differences in salivary constituents secreted into diets with different compositions. Qualitative differences between saliva collected from sucrose and amino acid diets was also shown by the failure to detect alkaline phosphatase in saliva collected from amino acid diets. This Þnding is consistent with whiteßy salivary phosphatase activity, which was inhibited in diets containing certain amino acids (Funk 2001) . Previous studies suggest that the protein composition of saliva collected from sucrose or amino acid diets differs (Cherqui and Tjallingii 2000) , which is corroborated by this study.
The differences in salivary composition collected from different diets could potentially have biological signiÞcance. Aphid feeding begins with stylet pathway penetrations, which may include ingestion of small quantities of plant sap for gustatory discrimination, followed by sieve element puncture and salivation, and Þnally phloem acceptance and sustained ingestion (Powell et al. 2006) . Both sheath and soluble saliva are secreted during stylet pathway activities, and soluble saliva is primarily secreted during sieve element puncture and sustained ingestion (Prado and Tjallingii 1997) . Much of the saliva secreted during ingestion is swept back with the inßow of the sieve tube sap (Tjallingii 1995) , so it may be difÞcult to determine whether less soluble protein in different diets results from inhibited secretory behavior or increased gustatory behavior.
Studies have suggested that individual aphid salivary gland cells can produce a particular set of proteins different from other gland cells and thus can produce salivas of different composition Tjallingii 2000, Mutti et al. 2008) . Current knowledge of aphid saliva suggests it contains enzymes involved in stylet pathway activities (Miles 1999 , Mutti et al. 2008 ) and enzymes to aid in sustained ingestion such as calcium binding proteins ). Sucrose is a strong feeding stimulate for aphids (Mittler 1988) , but other phagostimulants are often needed for prolonged feeding (Powell et al. 2006) . Aphids are known to use single amino acids to trigger reproductive behavior (Tosh et al. 2003) , which is an indication of host plant acceptance (Powell et al. 2006) . Based on the body of research and this study, we propose that soluble saliva secreted during exploratory probing and stylet pathway activities (behavior associated with establishing a feeding site) is different from that secreted during gustatory behavior, and aphids may alter the composition of salivary secretions in response to chemical cues from the plant or diet. Our proposal is supported by the inhibition of phosphatase (which may play a role in sheath hardening associated with stylet pathway activities) in whiteßy by the addition of cysteine and histidine to the diet (Funk 2001 ) and the suppression of alkaline phosphatase in D. noxia saliva collected from amino acid diets in this study. Free amino acids are encountered by aphids after puncture of the phloem sieve element when stylet pathway activities cease and may alter feeding behavior. Elucidation of aphid salivary responses to host plant cues is critical to understanding the roles of aphid salivary proteins in aphidÐ host interactions, aphid salivation behavior, and host acceptance.
In summary, this study is the Þrst to describe aspects of the D. noxia salivary proteome and the Þrst to identify alkaline phosphatase in aphid saliva, which adds to the growing body of research investigating the role of saliva from aphids (Miles 1999 , Cherqui and Tjallingii 2000 , Harmel et al. 2008 ) and other insects (Funk 2001; Musser et al. 2002a, b; Bede et al. 2006 ). We developed a database of salivary peptides that will help elucidate aspects of aphid saliva proteomics. Currently, progress is being made toward completion of the A. pisum genome and EST libraries of several aphid species (Tagu et al. 2008) , which, on completion, will enhance the results found in this and other studies , Harmel et al. 2008 , Mutti et al. 2008 ) and aid in future saliva proteome studies. Of particular interest are the salivary components that play roles in aphid toxicity or host speciÞcity and other aspects that will lead to improved development of hostÐplant resistance.
